Iron overload cardiomyopathy (IOC) is a major cause of death in patients with diseases associated with chronic anemia such as thalassemia or sickle cell disease after chronic blood transfusions. Associated with iron overload conditions, there is excess free iron that enters cardiomyocytes through both L-and T-type calcium channels thereby resulting in increased reactive oxygen species being generated via Haber-Weiss and Fenton reactions. It is thought that an increase in reactive oxygen species contributes to high morbidity and mortality rates. Recent studies have, however, suggested that it is iron overload in mitochondria that contributes to cellular oxidative stress, mitochondrial damage, cardiac arrhythmias, as well as the development of cardiomyopathy. Iron chelators, antioxidants, and/or calcium channel blockers have been demonstrated to prevent and ameliorate cardiac dysfunction in animal models as well as in patients suffering from cardiac iron overload. Hence, either a mono-therapy or combination therapies with any of the aforementioned agents may serve as a novel treatment in iron-overload patients in the near future. In the present article, we review the mechanisms of cytosolic and/or mitochondrial iron load in the heart which may contribute synergistically or independently to the development of iron-associated cardiomyopathy. We also review available as well as potential future novel treatments.
deficient hemojuvelin production [1] , or in more limited cases, mutations in the hepcidin antimicrobial peptide gene (HAMP) that results in a deficiency of hepcidin [111] . Type 3 hemochromatosis results from mutations in the transferrin receptor 2 gene (TfR2) that result in a deficiency in the production of transferrin receptor 2 [112] . Type 4 hemochromatosis, sometimes referred to as "African iron overload" or "Ferroportin disease," is caused by mutations of the solute carrier family 40 member 1 (SLC40A1) gene that encodes for ferroportin 1 (FPN 1) [75, 89, 134] .
Secondary or "transfusional" iron overload is seen in conditions that require frequent blood transfusions [40, 105, 139] such as beta-thalassemia major [40, 74, 118] and sickle cell anemia [40, 81] . Moreover, non-regular blood transfusions can also result in iron overload in patients with betathalassemia intermedia, hemoglobin (Hb) E/beta-thalassemia, as well as Hb H and Hb H/Constant Spring diseases [125, 135] .
In-vitro or in-vivo models of iron overload and iron overload cardiomyopathy
In vitro delivery of Fe 2+ into the cytosol of cells remains challenging. At high concentrations, Fe 2+ is typically oxidized to its ferric form (Fe 3+ ) and often precipitates in physiological solutions. Addition of vitamin C (ascorbate) prevents such precipitation and may thereby allow Fe 2+ to enter the cell via the L-type calcium channel (LTCC) [128] . Meanwhile, vitamin C may also enter the cell though the facilitative glucose transporter 1 [51] and the Na + -dependent L-ascorbic acid transporter [127] . However, since one of the proposed mechanisms involved in iron toxicity is an increase in oxidative stress levels, adding vitamin C which itself is an antioxidant agent complicates the interpretation of the pure pathological effects of iron itself. In fact, some studies have shown that due to its antioxidant properties, vitamin C can provide a measure of cardioprotection during treatment with doxorubicin [71] . On the other hand, vitamin C has been demonstrated to paradoxically behave also as a pro-oxidant and to contribute to the formation of H 2 O 2 in the presence of Fe 2+ [17] . It has been reported that large doses of vitamin C mobilize iron from ironbinding proteins and in turn catalyze lipid peroxidation in guinea pigs, which further complicates data interpretation and human clinical relevance [50] . Therefore in future studies, special attention is needed when studying the effects and drawing conclusions regarding the role played by antioxidants in the treatment of iron overload.
Recently, an alternative method for in-vitro cellular iron loading has been reported. Fe overload can be achieved in mouse cardiomyocytes or cardiofibroblasts by utilizing ferric ammonium citrate (FAC, at 145.6 μg/ml, which equals 20 μg Fe/ml) [21] , or in rat cardiac myocyte H9c2 cells (FAC at 200 or 300 μM) [30] .
To get Fe 3+ or Fe 2+ into the cytosol, some studies use a soluble complex of Fe 3+ and a membrane permeable iron chelator 8-hydroxyquinoline (8-HQ). 8-HQ is typically given in similar concentrations or at twice the concentration of the desired amount of Fe 3+ loading (e.g., 15-100 μM) [109] . Upon complexing with the 8-HQ, Fe 3+ can then pass through the cellular lipid bilayer and enter the cytosol. After this lipophilic Fe 3+ /8-HQ complex enters into the cell, Fe 3+ ions undergo rapid intracellular reduction to Fe 2+ [97] . Cytosol Fe 3+ and Fe 2+ can then become part of the pool of labile iron (i.e., chelatable and redox-active iron) [109] . While 8-HQ can bind to Fe 3+ effectively, it cannot effectively remove Fe 3+ from the cell [51, 71, 107, 127, 128] .
In in-vivo animal models, the most common methods for establishing iron overload are iron dextran injections and dietary iron supplement as summarized in Table 1 . Time duration and dose of iron dextran injection or amounts of iron supplemented in the diet can vary depending not only on the species being studied but based on gender as well. Among the species of animals most often studied (e.g., mice, rats, gerbils, and guinea pigs), mice and gerbils receiving intraperitoneal injection of iron dextran are recommended as being preferred models that best mimic transfusion-related iron overload that is clinically seen in patients [45] . Many studies have also demonstrated that mice receiving iron dextran injections develop increased cardiac iron concentrations, have increased cardiac oxidative stress and reduced cardiac antioxidant(s), demonstrate altered intracellular Ca 2+ homeostasis, and have increased mitochondrial damage that result in cardiac arrhythmias and contractile dysfunction [5, 21, 22, 45, 113] . In addition, iron overloaded Mongolian gerbils show similar pathophysiological changes as reported in patients with iron overload who develop cardiomyopathy [80, 83, 133, 140, 144] . However, it has been reported that cardiac and hepatic iron concentrations in the gerbil model are much higher than levels reported in humans with iron overload [48] , suggesting that iron overloaded gerbils may not reliably mimic iron overload cardiomyopathy (IOC) in patients [48] . We have, however, found that rats chronically fed a high iron diet may also serve as a potential IOC model that mimics clinical observations of patients with IOC [137, 138, 141] .
As for iron overload models using genetically modified animals, hemojuvelin knockout mice when fed a high iron diet [21, 22, 85] and beta-thalassemic mice given either iron dextran injections [47] or feed an iron-enriched diet [64] have been used to mimic cardiac iron overload in patients with juvenile hemochromatosis and transfusion-dependent beta-thalassemia, respectively. These genetically altered mouse models are thought to be more suitable for investigating the pathophysiology and treatment of IOC in hereditary hemochromatosis and β-thalassemia conditions. It has been found that both FPN 1 and hepcidin are expressed in cardiomyocytes. Recent studies have demonstrated that mice with cardiomyocyte-specific [21, 22] . B) CD1 mice (M): 0.6 mg/g, 3 days/week for 4 weeks [113] . C) B6D2F1 and FVB with LTCC overexpression (M): 0.4 mg/g, 5 days/week for 2.5 weeks, followed by 0.05 mg/g for 12 more weeks [86, 87] . D) B6D2F1 (M): 5, 10 or 20 mg/mouse/day for 20 days [23, 24] , or 5 days/week for up to 4 weeks [4, 5, 20] . E) C57/BL6 (F): 10 mg/mouse/day, 5 days/week for 2, 4, or 6 weeks [77]. F) Beta-thalassemic: 10 mg/ mouse/day, 5 days/week for 4 weeks [47] .
Cardiac function: ↓ LV diastolic function [21, 86, 87] , or only in males [22] , ↓ LV systolic function [86, 87] , or ↔ LV systolic function [22, 77] ECG, heart rate: PR-interval prolongation, heart block, and atrial fibrillation [113] , ↓ heart rate [4, 86, 87, 113] , or ↓ heart rate in only males [22] [21] , or ↔ SERCA2a and NCX [22] Cardiac mitochondria: ↑ mitochondrial damage [5] Cardiac apoptosis: ↑ apoptosis [86, 87] , or ↔ apoptosis [22] Cardiac fibrosis: ↑ collagen and fibrosis [21, 86, 87] Cardiac function: ↓ LV diastolic function [21] , or only in males [22] , ↓ LV systolic function [54] , ↓ LVESP, ↓ dP/dt max , ↓ stroke volume, ↓ cardiac output [60, 63] ECG, heart rate: ↔ heart rate [60, 63, 126] , ↓ heart rate variability [54, 60, 63, 126] Cardiac function: ↔ LV systolic function [144] , ↓ dP/dt max , ↑ dP/dt min [144, 145] deletion of FPN 1 have severely impaired cardiac function due to high levels of iron accumulation in cardiomyocytes [67] , despite unaltered systemic iron status. On the other hand, mice with cardiomyocyte-specific deletion of hepcidin develop fatal contractile and metabolic dysfunction as a consequence of cardiomyocyte iron deficiency while maintaining normal systemic iron homeostasis [68] . Friedreich ataxia (FA) is an example showing that mitochondrial Fe overload mediates a disease condition in the heart and brain. Most cases of FAs are caused by loss of function mutations, e.g., an expanded trinucleotide (GAA) repeat in the frataxin (FXN) gene located on chromosome 9q13 and is characterized by progressive gait and limb ataxia as well as cardiomyopathy. Frataxin is a mitochondrial protein that can bind to Fe and is involved in iron-sulfur cluster (ISC) biogenesis and heme synthesis within mitochondria. It has been suggested that in FA patients, the defect expression or function of frataxin results in deleterious alterations in iron metabolism. The pathology of FA is mediated by an excess of "free" iron in mitochondria that may lead to oxidative stress and subsequently cause damage/degeneration of mitochondria and cells. Please see recent review articles for details on FA [19] and animal models of FA [91] .
Notably, several recent studies have indicated that induction of cardiac iron overload can differ in female vs. male mice [10, 11, 22] . Male mice appear to be more susceptible than female mice to iron-mediated cardiac toxicity and the development of IOC. Cardiac iron overload appears to occur more slowly in female mice [11] , whereas IOC is more easily induced in males [22] . There have been several hypotheses put forth to explain why female mice are more resistant to IOC than males. It has been demonstrated that the iron exporter FPN 1 mRNA is upregulated to a larger extent in females compared to males in response to cardiac iron accumulation thereby potentially resulting in reduced cardiac iron concentrations in females [11] . Furthermore, the level of intracellular anti-oxidative glutathione is higher in females than males leading to females being more protected against ironmediated cardiotoxicity via oxidative stress [22] . 17β-Estradiol or estrogen which is the primary female sex hormone may play an important role in protecting female mice from IOC [22] . Deficient estrogen levels in ovariectomized female mice have been linked to cardiac dysfunction as well as cardiac iron overload similar to what has been reported in male mice [22] . Similarly, estrogen treatment has been shown to ameliorate IOC in male mice [22] . However, an earlier study reported that estrogen therapy increased cardiac iron accumulation in castrated male mice [10] . Therefore, the idea that estrogen therapy can be used to prevent or treat iron overload associated cardiomyopathy requires further investigation [10, 22] . No similar studies or analyzes have been reported to our knowledge on male or female (pre-menopausal or postmenopausal) patients suffering from chronic iron overload cardiomyopathy. The standard of care for both male and female patients with iron overload cardiomyopathy as a result of, for example beta thalassemia, is the same (e.g., Deferoxamine, DFO, 20-40 mg/kg/day over 8-24 h, 5 days/ week) [101] .
There are also sparse reports using other animal species as models of iron overload, such as guinea pigs [49] . In a report, [83, 133] Cardiac mitochondria: ↑ mitochondrial swelling [133] Cardiac fibrosis: ↑ collagen and fibrosis [133] Cardiac hypertrophy: ↑ LV mass [144] , ↑ LV wall thickness [145] i.p. intraperitoneal, s.c. subcutaneous, ECG electrocardiogram, MRI magnetic resonance imaging, NTBI non-transferrin bound iron, ROS reactive oxygen species, DCF dichlorodihydrofluorescein, DHE dihydroethidium, MDA malondialdehyde, 4-HNE 4-hydroxynonenal, GSH glutathione, GPx glutathione peroxidase, LTCC L-type calcium channel, TTCC T-type calcium channel, SERCA2a sarcoplasmic-endoplasmic reticulum Ca 2+ ATPase 2a, NCX sodium-calcium exchanger, DMT1 divalent metal transporter 1, ZIP14 Zrt-and Irt-like protein 14, LVESP left ventricular end-systolic pressure, LVEDP left ventricular end-diastolic pressure, P max maximum pressure, dP/dt max maximum value of the first derivative of left ventricular pressure, dP/dt min minimum value of the first derivative of left ventricular pressure, NT-proBNP amino-terminal pro-brain natriuretic peptide it was demonstrated that iron per se may not be sufficient to induce cardiac arrhythmias in iron-loaded guinea pigs, suggesting arrhythmic events observed in patients with iron overload may also be the result of a complex interplay of multiple factors.
Proposed mechanisms involved in the pathogenesis of iron overload cardiomyopathy
Iron uptake, metabolism, and export in the cell and mitochondrion
The pathogenesis of iron overload associated cardiac toxicity is attributed to the dysregulation of iron homeostasis. Iron metabolism pathways are shown in Fig. 1 .
Ferric iron (Fe 3 +
) from the diet is imported into enterocytes by the divalent metal transporter 1 (DMT) after being converted to ferrous iron (Fe 2+ ) in the duodenum by ferric reductases (Fig. 1, left) . Fe 2+ is then exported into the bloodstream by ferroportin 1 (FPN 1). The export of Fe 2+ is coupled to its conversion back to Fe 3+ , which is catalyzed by ferroxidases. After being absorbed by enterocytes of the duodenal and upper jejuna epithelia, iron then enters the blood in the Fe 3+ state, which is bound to the iron transport protein transferrin (Tf). Each molecule of Tf can bind two molecules of Fe 3+ with high-affinity and transport them to organs of the body. Under certain pathological conditions when iron release is increased into the circulation, the carrying capacity of Tf becomes saturated and non-Tf bound iron (NTBI) will appear in the serum [10] .
Iron can be taken up by cells in both the Tf-bound form and the NTBI form ( Fig. 1, target cell) . In the former case, the Fe 3+ -Tf complex binds with the transferrin receptor 1 (TfR1) and enters the cytosol via a receptor-mediated endocytosis (i.e., endosome). Fe 3+ is released from Tf in the acidified endosome and is then reduced to Fe 2+ by an endosomal reductase (e.g., STEAP3). Fe 2+ is then transported into the cytosol via DMT1 and becomes part of the intracellular labile iron pool (LIP). This Tf bound Fe 3+ and TfR1-mediated uptake pathway has been thought to play a crucial role in the metabolism of erythroid precursors (hemoglobin production) and in the metabolism of hepatocytes. However, recent studies in mice lacking cardiac TfR1 have demonstrated that TfR1 may also mediate iron uptake in the heart, which is important for cardiac iron metabolism and function [143] .
In conditions of iron overload, NTBI exists not only in the blood but can also be taken up by cells in various organs. The first step of NTBI uptake involves the reduction of Fe 3+ to Fe 2+ by a membrane-associated ferrireductase [108] such as duodenal cytochrome b (DCYTB) or ascorbate. It has also been proposed that the newly formed Fe 2+ can possibly enter the cell via the sarcolemma divalent metal transporter 1 (DMT1) [52] . In addition, some Ca channels such as L- [128] or T-type Ca channels [59] may also be routes for cellular Fe 2+ import. In the cytosol, free iron or NTBI is taken up in increasing amounts and is incorporated into the cellular LIP. NTBI is taken up preferentially by the liver, kidney, pancreas, and heart under iron overload conditions. Since related to free Fe that is redoxactive, increases of NTBI uptake can lead to cell damage including in the heart. Therefore, NTBI may serve as a unique marker and may be clinically useful in iron overloaded patients [46] . After entering into the cytosol (Fig. 1, target cell) , iron can follow three metabolic pathways, i.e., (1) be stored in the ferric form with the storage protein ferritin, which also shows ferroxidase activity; (2) be taken up in the ferrous form into the mitochondrion; or (3) be exported in the ferrous form from the cell by FPN1. When hepatic iron levels are high, hepcidin is secreted by the liver into the circulation. Hepcidin binds to FPN1 and causes its internalization and degradation by enterocytes on the basolateral membrane, as well as degradation by hepatocytes and macrophages. This process prevents further dietary Fe uptake and iron export from the liver, respectively, therefore reducing serum Fe availability to other tissues. As a result of these pathways, either hepcidin deficiency or alterations in its target, FPN1, may result in Fe overload.
As mentioned above, a portion of cytosolic iron in the ferrous form is taken up into mitochondria (Fig. 1,  mitochondrion) . Some studies have demonstrated that two important iron importer proteins, mitoferrin-1 and 2 (Mfrn1 and 2), are localized on the inner membrane of mitochondria and may play an important role in iron uptake into the mitochondrial matrix [90, 110, 117] . A study has demonstrated that Mfrn1 and 2 are reduced by RNA interference and can lead to a decrease in mitochondria iron concentrations [90] . Hence, it has been suggested that Mfrn1 and 2 are mitochondrial iron importers and might account for iron uptake into mitochondria. While Mfrn1expression is restricted to erythroid-lineage cells, Mfrn2 is expressed ubiquitously including in the heart. In addition, a very recent report has proposed that the mitochondrial calcium uniporter (mCU) may also transport iron into mitochondria, while Mfrn2 serves to regulate mCU transport [78] . Iron in the mitochondrion can then be utilized for (1) storage in mitochondrial ferritin (FtMt), (2) synthesis of iron-sulfur clusters (ISC), and (3) heme synthesis which is necessary for erythropoiesis and mitochondrial metabolism under normal physiological conditions [110] .
The molecular identity of the mitochondrial iron exporter remains unknown. However, a member of the ABC protein family ABCB8 has been found to facilitate the export of iron from mitochondria [42] , while ABCB7 is involved in the maturation of cytosolic ISC proteins [7] . Mitochondrial iron overload has been found in HeLa cells after RNA silencing of the mitochondrial ABCB7 gene [13] . Genetic deletion of ABCB8 results in accumulation of mitochondrial iron and the development of a cardiomyopathy phenotype [16, 42] . Conversely, overexpression of ABCB8 reverses doxorubicin (DOX)-induced toxicity [43] and ischemic cardiac injury [16] via reduction of mitochondrial iron load.
Iron overload catalyzed reactive oxygen species generation
Iron overload-mediated oxidative stress and the proposed effects on mitochondrial and cellular function are illustrated in Fig. 2 . One of the most damaging effects of iron overload is the generation of free radicals via Haber-Weiss and Fenton reactions [9, 38, 58] [56, 58] . Please note that iron acts as a catalyst in these reactions and the generation of the hydroxyl radical requires the cycling between Fe 2+ and Fe 3+ and concurrent presence of superoxide and hydrogen peroxide. Ultimately, these free radical byproducts can engage in secondary oxidation reactions in the mitochondria and to some degree in the cytosol as well [58, 136] . It is not known to which extent the detrimental effect of iron results from circulating "free" iron vs. intracellular LPI.
Under iron overload conditions, the transferrin protein can become saturated and therefore cannot bind all of the free iron in the plasma leading to increased levels of iron free of transferrin or NTBI [9, 38, 39, 98] . Furthermore, labile plasma iron (LPI) levels are also increased when NTBI levels are elevated [9] . LPI represents the redox active and chelatable fraction of NTBI and is capable of permeating into cells and organs. LPI is directly associated with iron overload-induced cellular and tissue damage that can result in organ dysfunction [102] . Therefore, high levels of NTBI can lead to an increase in plasma and cellular LPI levels and enhance the formation of reactive oxygen species (ROS) which eventually can affect multiple organ systems resulting in a multitude of pathological effects, e.g., arthritis [114] , cirrhosis of the liver [70] , depletion of beta cells in the pancreas contributing to diabetes [100] , and cardiomyopathy [21, 34, 54, 60, 63, 137, 138] . Recent studies have also suggested that the generation of ROS may also affect the vasculature. For example, Marques et al. have shown that iron overloaded rats show a reduction in nitric oxide production and an overall loss of vascular tone [73] .
Enhanced ROS generation has been shown to result in depolarization of the mitochondrial membrane potential and to lead to the opening of the mitochondrial permeability transition pore [61, 121] . In addition, iron overload-mediated ROS accumulation has been demonstrated to cause cardiomyopathy in thalassemic mice [54, 61, 63] . Furthermore, increased ROS levels have been shown to induce not only cardiac dysfunction but also brain damage in iron overload rats [122, 123, 137, 138] . Moreover, iron overload-provoked ROS production can disturb cardiac intracellular Ca 2+ homeostasis leading to diastolic and systolic dysfunction in mice and rats [21, 138] .
The effect of iron overload on ion channels and contractility -mediated inactivation of LTCC, or possibly by an increase in channel oxidation as a result of free radical production [18, 33, 128] . A recent study has demonstrated that during the early stages of IOC, there is an increase in diastolic Ca 2+ levels and a prolonged Ca 2+ decay in ventricular cardiomyocytes [21] . Additionally, due to a sustained current component, a slowing of LTCC inactivation may also allow an increase in Fe 2+ influx into cardiomyocytes leading to increased ROS and impaired sarcoplasmic-endoplasmic reticulum Ca 2+ ATPase (SERCA) function that results in diastolic dysfunction in the early stages of iron overload [21, 138] .
Animal models of iron overload have demonstrated changes in expression levels of calcium handling proteins such as SERCA2a and the sodium-calcium exchanger [21] . Indeed, in heart failure due to iron overload, SERCA2a levels have been reported to be reduced, leading to disturbed cytosol Ca 2+ reuptake into the sarcoplasmic reticulum and resulting in impaired myocardial relaxation [21, 138] . Meanwhile, sarcolemmal sodium-calcium exchanger (NCX) levels have been shown to be increased [21] [128] . In addition, Fe 3+ entry into cardiomyocytes was not prevented by using blockers of TfR1, DMT1, LTCC, or TTCC, indicating that Fe 3+ influx into cardiomyocytes did not enter through these metal entry portals [62] . These studies possibly indicate that there is/are other pathway(s) for Fe 3+ to enter cardiomyocytes of the heart and warrant further investigation.
The effect of iron overload on mitochondrial function
Mitochondrial iron is necessary for heme biosynthesis and iron-sulfur cluster biosynthesis, which are important for erythropoiesis and mitochondrial metabolism under normal physiological conditions [110] . However, excess iron in mitochondria can lead to dysfunction of these important homeostatic activities supported by normal mitochondrial function. Studies by Sripetchwandee et al. and Kumfu et al. have shown that mCUs are involved in brain and heart mitochondrial dysfunction under iron overload conditions [61, 120, 121] . These studies have demonstrated that both Fe 2+ and Fe 3+ are capable of entering mitochondria. However, they proposed that Fe 2+ might be more harmful to the mitochondria. Fe 3+ causes mitochondrial ROS generation and mitochondrial membrane potential depolarization to a lesser extent and, it does not appear to induce mitochondrial swelling in isolated cardiac mitochondria [121] . It is conceivable that once inside the mitochondria and participating in the generation of free radicals by the Haber-Weiss and Fenton reactions, free iron is capable of generating mitochondrial ROS that then can depolarize the mitochondrial membrane potential and in turn open the mitochondrial permeability transition pore resulting in mitochondrial swelling [61, 121] . Therefore, it is most likely that ironinduced mitochondrial damage and dysfunction can cause cardiomyopathy and heart failure, but warrants further investigation.
Doxorubicin cardiotoxicity mediated by iron
Doxorubicin (DOX), an anthracycline that is sold under the brand names Adriamycin® or Doxil®, is one of the most effective and commonly used chemotherapeutic agents used to treat neoplastic tumors [129] . While this drug is effective at inhibiting the topoisomerase enzyme and thereby preventing DNA replication and cell division, it has severe cardiotoxic side effects [129] . Doxorubicin cardiotoxicity limits its clinical use to a cumulative lifetime dose of 500 mg/m 2 [29] . Exposure exceeding this amount can eventually lead to cardiomyopathy and congestive heart failure [11, 76] . The mechanism behind this relationship is similar to the "ROS and iron hypothesis." Iron is necessary for the formation of an oxidized semiquinone in the B ring of doxorubicin. When the oxidized doxorubicin semiquinone-iron complex reacts with oxygen, a fully oxidized form of doxorubicin together with superoxide is then generated [53] . Superoxide dismutase then converts the superoxide to hydrogen peroxide, which in the presence of iron (or other Fenton reagents) is further converted to extremely volatile hydroxyl radicals. Additionally, DOX is thought to form complexes directly with iron causing iron to cycle between Fe 2+ and Fe 3+ generating additional ROS [142] . Previous attempts to reverse the cardiotoxic effects of DOX have relied upon the use of iron chelators, such as deferiprone [103] or deferasirox [35] . Unfortunately, neither of these chelators were found to be very effective prompting studies that challenged the role of iron in DOX-associated cardiac toxicity [119] . As a result of these studies, it has now been suggested that the cardiotoxicity caused by anthracyclines such as DOX and daunorubicin (DAU) may involve other pathways which provoke ROS production and accumulation [119] . Convincingly, recent studies by Ardehali's group have demonstrated that mitochondrial iron accumulation mediates both doxorubicininduced cardiotoxicity and cardiac ischemic damage. The selective mitochondrial iron chelator dexrazoxane (DXZ) or overexpression of ABCB8 was demonstrated to reduce the cardiotoxic effects of DOX treatment [43] .
Iron overload may lead to cardiac arrhythmias
Iron overload has a well-accepted role in promoting general cardiomyopathy; however, its role in the spontaneous generation of cardiac arrhythmias remains controversial. Studies by Kaiser et al. have claimed that guinea pigs [49] do not display arrhythmias, despite showing hallmark symptoms of iron overload such as significant increases in cardiac and hepatic iron deposition and cardiac and liver fibrosis. While these results may suggest that there is no direct link between iron overload and arrhythmogenesis, the authors did not attempt to examine the relationship between iron overload and arrhythmogensis under stressed conditions, such as arrhythmia induction testing, simulated hypercalcemia, or sympathetic hyperactivity (isoproterenol). Nevertheless, several other studies report that chronic iron overload results in arrhythmias and cardiomyopathy in several other animal models [69, 80, 113] . For example, chronic iron overload has been demonstrated to result in prolonged PR-intervals, heart block, and atrial fibrillation in a mouse model [113] . In addition, abnormal ECGs were present in iron overloaded gerbils, i.e., they had a prolongation of QRS and PR intervals, premature ventricular contractions, atrioventricular block, ST segment elevation, and T-wave inversion [69, 80] .
There is ample human clinical evidence that has demonstrated a link between cardiac arrhythmias and iron overload [6, 14, 36, 44, 72, 79] . In a study comparing a population of thalassemic and healthy children (aged 4 to 19 years old), the thalassemic group showed significant increases in P wave dispersion (as calculated by the difference between the maximum and minimum P wave durations), maximum P wave duration, and peak early mitral inflow velocity. The study conductors concluded that thalassemic patients may have depressed intra-atrial conduction due largely to atrial dilation with increased sympathetic activity as a contributing factor [79] . Another study has examined the link between increased QRS interval, the occurrence of ventricular late potentials, and iron-overload in patients with thalassemia over a 7-year follow up period by using the signal averaged ECG method. The study revealed an increase in mean late amplitude signal duration. There is a significant correlation between increased serum ferritin levels and increases in the QRS interval and decreases in the root mean square voltage of ventricular late potentials [44] . A study by Mancuso et al. found that of 28 thalassemic patients suffering from heart failure, 79% had T wave inversions, 46% had supraventricular arrhythmias, 43% had low voltages, and 18% had right QRS interval axis deviations, while their age-and sex-matched controls had no ECG abnormalities [72] . Case studies of sustained ventricular tachycardias in iron overloaded thalassemic patients have also been reported [6] . Ultimately, a longitudinal study has shown that heart failure can be responsible for more than 71% of deaths in patients suffering from thalassemic hemosiderosis [66] . Therefore, it has been shown that iron overload is associated with cardiac arrhythmias and cardiomyopathy in both animal models as well as in human patients.
Treatment for iron overload cardiomyopathy
Efforts have been made to treat iron overload and IOC in both animal models and human patients. Potential targets for treating iron overload and its deleterious influences on cardiac myocytes and mitochondria are indicated in Fig. 2 by the numbers 1-8 in the parentheses.
Iron chelators: targeting iron in plasma, cells, or mitochondria
Currently, there are three common iron chelators that can be used to treat patients with cardiac iron overload, i.e., deferoxamine (DFO), deferiprone (DFP), and deferasirox (DFX) [8, 31, 32, 37, 92, 93, 95, 99, 104] . The gold standard for iron overload chelation therapy is treatment with the iron chelator DFO (target # 1 in Fig. 2) . Indeed, this drug is so popular for the treatment of iron overload that it is included on the WHO Model List of Essential Medicines. However, it is not without its drawbacks, specifically that it is generally administered via parenteral routes (given that an oral formulation is usually cost prohibitive and not widely available). It has only been demonstrated to be effective in clearing iron from the blood, as it is not very membrane permeable, and cannot effectively chelate intracellular iron particularly in heart tissue [37, 106] . DFO binds effectively to free iron in the blood, allowing iron to then be excreted in the urine [37] . However, it is less effective at reversing damage done by iron which has already entered the cell or mitochondria [31, 32] . Although treatment with DFO has been considered the gold standard, part of the difficulty with current DFO therapy is the hardship involved with its delivery system, which requires using a pump delivering 20-40 mg/kg/day over 8-24 h, 5 days/week [101] . Noncompliance leads to significant health complications and dramatic increases in treatment costs [25] . As such, there is a need for the development of membrane-permeable iron chelators (preferably in oral formulations).
Recent studies have tested several orally dosed membranepermeable compounds. The drugs deferiprone (DFP or L1) and deferasirox (DFR or DFX) are comparatively small, and are less charged than DFO, and are able to cross the lipid bilayer while still retaining their ability to chelate iron which has not yet entered the cell [31, 32] (target # 2 in Fig. 2) . However, several studies have indicated that neither DFP nor DFX can remove cardiac iron accumulation or improve cardiac function in transfusion-dependent thalassemia (TDT) patients [93, 99, 104] . These drugs have also been shown to bind to labile iron within the cytosol and are claimed to enter the mitochondria as well, as measured by reductions of mitochondrial ROS [31, 32] . Importantly, DFP has been shown to be more effective than DFO or DFX in reducing cardiac iron overload in patients [8, 92, 95] . Wongjaikam et al. found that chronic treatment with either DFO or DFX for 2 months improved left ventricular fractional shortening and ejection fraction in iron overloaded rats [137, 138] . Chronic treatment with DFX for 5 years in TDT patients has been reported to diminish cardiac iron concentration and improve end-diastolic and endsystolic left ventricular volumes, whereas the percent of left ventricular ejection fraction was not altered [12] . It should also be noted that some studies have reported that DFO or DFX do not improve left ventricular ejection fraction in TDT patients [92, 94] .
The membrane-permeable chelator dexrazoxane (DXZ), despite lacking a high iron binding affinity as DFO, has been shown to be a more effective cellular and especially mitochondrial iron chelator (target # 3 in Fig. 2 ) due to its ability to pass through lipid bilayers. As a result of animal studies, it has been suggested that the mitochondria selective iron chelator DXZ may be more effective in ameliorating the cardiac toxicity associated with DOX [43] . Finally, the membrane-permeable heavy metal chelator 2,2-bipyridyl (BPD) has been shown to readily enter into the cytosol and mitochondria and quickly and effectively chelate labile iron in vitro [26, 96] . It has been recently demonstrated that mitochondrial iron may mediate cardiac ischemic damage in mice [16] . Application of BPD (50 and 100 μ M) reduces mitochondrial iron levels, consequently protecting cardiomyocytes against H 2 O 2 -induced cell death in vitro, as well as provide protection of the heart from ischemia/reperfusion damage in animal models in vivo. In addition, BPD has been demonstrated to protect against the development of cardiomyopathy in cardiac-specific ABCB8 KO mice [16] . As a result of this study, it was suggested that mitochondrial iron load plays a critical role in the development of not only cardiomyopathy, but ischemic heart disease as well [15] . Mitochondrion-permeable iron chelators resembling BPD may represent novel therapeutic tools for treating ischemic heart disease.
However, oral formulations such as DFP and DFX are cost prohibitive and less available and also suffer from compliance issues. Therefore, efforts have been made to search for other options, among which one is to develop an organ-targeted liposome entrapped DFO (L-DFO) formulation. We have explored the feasibility of using L-DFO delivery system in rats and have demonstrated that the L-DFO formulation targeted to the liver or the heart requires significantly lower dosages by 50-75% [141] . This delivery approach may eliminate the need for a pump and the standard week-long administration of DFO, and can be administered at the time of the obligate blood transfusion thereby assuring compliance.
Calcium channel/transporter blockers: cytosolic vs. mitochondrial targets
It has been suggested that free iron is transported into cardiomyocytes by LTCC [86, 88] or TTCC [59, 60] . Hence, several researchers have hypothesized that calcium channel blockers can decrease cardiac iron concentration, reduce oxidative stress, and attenuate heart disease caused by cardiac iron overload. As expected, many studies have demonstrated that calcium channel blockers provide beneficial effects in treating IOC in both patients and animal models [20, 85, 86, 116, 146] . LTCC blockers (target # 4 in Fig. 2 ) including amlodipine and verapamil were effective in treating IOC both in animals [20, 85, 86, 116, 146] and in patients [28, 124] . In an animal model, Oudit et al. demonstrated that both amlodipine and verapamil reduced cardiac iron concentration, diminished cardiac oxidative stress, attenuated cardiac damage and inflammation, as well as cardiac apoptosis leading to improved hemodynamic and echocardiographic parameters in chronically iron overloaded mice [86] . However, the levels of iron in the liver were not decreased by either amlodipine or verapamil treatment when compared with the iron-loaded group in this study because functional LTCCs are not expressed on liver cells [86] . Therefore, other pathways, such as DMT1, may account for iron uptake into the cytosol in hepatocytes [132] .
In another study by Crowe and Bartfay, amlodipine was found to be effective in diminishing heart iron concentration as well as reduced ROS in chronic iron overloaded mice [20] . Verapamil significantly decreased liver and cardiac iron concentrations by approximately 28 and 34% (respectively) in iron-loaded hemojuvelin knockout mice [85] and was effective in reducing myocardial iron levels in diabetic cardiomyocytes of rats [116] . However, the route of iron loading and mouse models used differed in these two studies [85, 86] which may explain why verapamil affected liver iron concentrations differently. Furthermore, verapamil has been demonstrated to exert beneficial effects similar to DFO in reducing cardiac iron deposition and oxidative stress resulting in diminished myocardial collagen and fibrosis in chronically iron overloaded mice [146] . Similarly, LTCC blockers have been shown to be effective in treating thalassemia major patients [28, 124] . After amlodipine treatment, the levels of ferritin were decreased (at 12 months) and cardiac T2* (which is used to evaluate the level of cardiac iron accumulation) [3] was increased at 6 and 12 months, indicating that cardiac iron concentrations were reduced in thalassemia major patients [28] . Interestingly, the combination therapy of DFO and the calcium channel blocker verapamil was effective in treating left ventricular dysfunction in patients with IOC [124] . Although either calcium channel blocker alone or in combination with an iron chelator has been shown to be effective in treating patients with cardiac iron overload, large clinical trials are needed to validate their cardioprotective effects on IOC.
Additionally, Kumfu et al. has demonstrated that the dual TTCC and LTCC blocker efonidipine (sometimes referred as "TTCC blocker" since it is more efficient in blocking TTCC) ( [59, 82, 130] ; target # 5 in Fig. 2 ) exerts beneficial effects in treating IOC. Investigators found that TTCC, LTCC, or DMT1 blockers, or the use of DFO were equally effective in reducing plasma NTBI, cardiac iron concentration, and cardiac oxidative stress as well as improving heart rate variability and left ventricular function in both iron overloaded wide-type and thalassemic mice [60] . In addition, by comparing the effects of the LTCC blocker amlodipine, the TTCC blocker efonidipine, and more commonly used iron chelators including DFO, DFP, or DFX, Kumfu et al. found that all pharmacological interventions reduced plasma NTBI, decreased cardiac iron concentration, as well as improved mitochondrial and left ventricular function in wild-type and thalassemic mice [63] . In iron overloaded liver, the TTCC blocker efonidipine, DFO, DFP, and DFX provided beneficial effects in diminishing plasma and liver malondialdehyde and liver iron concentration in wild-type and thalassemic mice. This was not seen with the LTCC blocker amlodipine [63] . These studies indicate that the TTCC blocker efonidipine was more effective than the LTCC blocker, i.e., verapamil or amlodipine, in treating iron-overloaded liver. They found that this positive effect correlated with a higher survival rate in both widetype and thalassemic mice with iron overload [60, 63] . Nevertheless, the effects of either efonidipine alone or combined with an iron chelator(s) on IOC in patients has not yet been investigated.
Lastly, it has been proposed that free iron is transported into cardiac mitochondria by mCU under iron overload conditions leading to increased mitochondrial ROS, membrane depolarization and swelling, as well as mitochondrial dysfunction [61, 78, 121] . Therefore, mCU blockers (i.e., RU360) may provide beneficial effects in reducing mitochondrial iron concentrations and oxidative stress as well as attenuate mitochondrial dysfunction mediated by iron overload (target # 6 in Fig.  2 ). As expected, it has been demonstrated that a mCU blocker can effectively prevent mitochondrial ROS, mitochondrial depolarization, and mitochondrial swelling leading to improved cardiac mitochondrial function in isolated cardiac mitochondria after iron loading in both rats and in β-thalassemic mice [61, 121] . Since mitochondrial Ca homeostasis dysfunction can also lead to cellular damage, it remains elusive as to how much of the mCU blockade benefits can be attributed to improved iron load vs Ca homeostasis. Again, upregulation of ABCB8 (a potential iron exporter) has been shown to offer some measure of cardioprotection during doxorubicininduced cardiomyopathy by reducing overall mitochondrial iron loading and ROS generation [43] . Consequently, decreased iron influx by mitochondrial portal blockers and/or increased iron efflux by mitochondrial iron exporters may be a new strategy for treating mitochondrial and cardiac dysfunction resulting from iron overload.
Antioxidants: concomitant iron-chelation therapy on iron overload cardiomyopathy
Although studied extensively, antioxidants' therapeutic benefits in the treatment/prevention of cardiovascular diseases in general remains controversial. Since oxidative stress (ROS) is thought to be a central player that mediates iron overloadinduced toxicity, antioxidant therapy on IOC has also been evaluated. Das et al. have investigated the therapeutic effects of resveratrol, a natural polyphenolic flavonoid, in acquired and genetic models of IOC [21] . It has been shown that the dietary supplementation with resveratrol rescues heart dysfunction by reducing myocardial oxidative stress and myocardial fibrosis in murine models of secondary iron-overload and genetic hemochromatosis. Both its unique ability to activate the SIRT1-FOXO1 axis and key anti-oxidant properties likely contribute to this observed protective effect in IOC. Thus, the authors suggest that "resveratrol represents a clinically and economically feasible therapeutic intervention to reduce the global burden from iron-overload cardiomyopathy at early and chronic stages of iron-overload." [21] In addition, studies from the co-author Dr. Chattipakorn's group have demonstrated the impact of concomitant iron chelation therapy on IOC in murine animal models, while a clinical trial is still ongoing. Animal studies were carried out in iron overloaded rats [137, 138] and iron overloaded thalassemic mice [65] . The results showed that although iron chelators (DFO, DFP, DFX) or antioxidants (N-acetyl cysteine, NAC) alone provide cardioprotection, the combined DFP plus NAC treatment exhibited greater efficacy than monotherapy as a result of a greater reduction in cardiac iron deposition and improved cardiac mitochondrial function.
Clinical studies have also been conducted to evaluate the effects of the combined therapy of idebenone (a synthetic analogue of the vital cell antioxidant Coenzyme Q10) and low oral doses of deferiprone (20 mg/kg/day) on Friedreich ataxia (FA). The results suggest that combined therapy of a low dose of deferiprone with idebenone is relatively safe and seems to improve both neurological function and heart hypertrophy parameters [27, 131] .
It should be pointed out that many of the clinical trials testing the efficacy of antioxidants failed to show improved cardiovascular outcomes. One explanation could be that the antioxidants diminish ROS at baseline to levels below what is needed for normal intracellular signaling purposes and response to injury, since the basal production of ROS is important for intracellular signaling [115] . As previously mentioned, vitamin C, a commonly studied antioxidant, may paradoxically promote ROS generation in the presence of metal ions. Therefore, caution should be taken when utilizing specific antioxidants to treat IOC.
Conclusions
Despite the reporting of the oxidative stress, Ca mishandling, and mitochondrial dysfunction as contributing to the pathogenesis of iron overload-mediated cardiomyopathy, further in depth studies are needed. Future studies are required to (1) define the exact location of the oxidative stress (plasma vs. cytosolic vs. mitochondria) and to determine which is most critical for iron-associated cardiac toxicity; (2) assess how mitochondrial Ca handling proteins (such as mPTP, mCU) are involved in cardiac toxicity caused by iron; (3) demonstrate the impact of calcium microdomains in the cytosol and mitochondria on cardiac toxicity induced by iron overload; (4) determine how other signaling systems (such as sympathetic nervous system stress) interact with iron overload in the development of arrhythmias; and (5) conduct large clinical trials to validate the cardioprotective effect of Ca channel blockers combined with iron chelators. Future investigation on the molecular/cellular mechanism(s) including subcellular targets of iron toxicity in the heart will help develop a more targeted therapy for iron overload-associated cardiac toxicity.
